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Accidentally introduced into the United States, wavyleaf basketgrass (*Oplismenus undulatifolius* (Ard.) P. Beauv.; Poaceae) is recognized as a high‐risk invasive species by the U.S. Department of Agriculture (USDA; USDA‐APHIS, [2012](#aps31016-bib-0010){ref-type="ref"}). This shade‐tolerant, stoloniferous, perennial grass is well‐adapted to the forest understory, spreading to form dense carpets that potentially crowd out native herbaceous plants and prevent the regeneration of native hardwood trees (Beauchamp et al., [2013](#aps31016-bib-0001){ref-type="ref"}). Flowering spikelets with long awns produce an extremely sticky substance, allowing seeds to disperse readily, and potentially over long distances, by strongly adhering to nearly anything that brushes past. First identified in 1996 near Baltimore, Maryland (Peterson et al., [1999](#aps31016-bib-0006){ref-type="ref"}), *O. undulatifolius* has since spread into at least 15 counties in Virginia, following an initial sighting in Shenandoah National Park in 2005 (Heffernan, [2014](#aps31016-bib-0005){ref-type="ref"}; EDDMapS, [2017](#aps31016-bib-0003){ref-type="ref"}). The range continues to expand; in summer 2017 the first populations were detected in Pennsylvania and West Virginia. Due to this very recent and well‐documented invasion history, *O. undulatifolius* is uniquely positioned to provide a rare and essential view into the invasion dynamics of a newly establishing invasive species. However, currently no genetic markers are available to examine population genetics of *O. undulatifolius*.

Here, we developed the first nuclear genetic markers for *O. undulatifolius*. These markers will facilitate studies to address important questions regarding the dispersal patterns and population genetics of this emerging invasive plant in U.S. mid‐Atlantic forests. Reconstructed invasion routes are valuable for land managers to design effective control programs and monitor geographic areas at high invasion risk to curtail spread (Estoup and Guillemaud, [2010](#aps31016-bib-0004){ref-type="ref"}). Such research will also provide foundational insights into the evolutionary dynamics of newly established populations that can in turn inform conservation and management strategies for this and other species experiencing range expansion.

Methods and results {#aps31016-sec-0005}
===================

We developed microsatellite markers for *O. undulatifolius* using DNA extracted from a single plant collected from the Smithsonian Conservation Biology Institute property in Warren County, Virginia, USA. After extraction using a DNeasy Plant Mini Kit (QIAGEN, Germantown, Maryland, USA), DNA was sent to the Savannah River Ecology Laboratory (SREL; Aiken, South Carolina, USA) for Illumina paired‐end shotgun library preparation, sequencing, and primer design. At SREL, 100‐bp paired‐end reads were screened using the PAL Finder pipeline (Castoe et al., [2012](#aps31016-bib-0002){ref-type="ref"}) with *PAL_FINDER_v0.02.03* to identify sequences with microsatellite repeats, and primers were designed around those regions using Primer3 version 2.0.0 (Rozen and Skaletsky, [1999](#aps31016-bib-0008){ref-type="ref"}). Of the ca. 27,000 reads examined that contained microsatellites, 5310 single‐copy sequences were identified by SREL as containing microsatellite repeats around which primers could be designed. We initially screened and optimized PCR conditions using unlabeled primers (Invitrogen, Carlsbad, California, USA) at 48 of these putative loci (one hexa‐, four penta‐, and 43 tetranucleotide repeat regions) for amplification against two individual plants from each of two *O. undulatifolius* populations. For loci that produced amplicons of the expected size, PCR products were sequenced by Sanger sequencing (Eurofins Operon, Huntsville, Alabama, USA) following PCR cleanup (QIAquick PCR Purification Kit; QIAGEN) to confirm amplification of the correct target repeat motif.

Primers for 16 of the 48 targeted loci identified by SREL successfully amplified clear products, all with the correct sequence identity (Table [1](#aps31016-tbl-0001){ref-type="table-wrap"}). We subsequently tested these loci for within‐population variability using 12--13 individuals from each of three populations, including the McKeldin area of Patapsco Valley State Park, Maryland, where wavyleaf basketgrass was first detected in the United States (Peterson et al., [1999](#aps31016-bib-0006){ref-type="ref"}). The other two secondary populations are located ca. 200 km apart and in opposite cardinal directions from the original introduction site. One sample from each of these populations has been vouchered at the University of Richmond Herbarium (URV 024152--024154). Because *O. undulatifolius* can spread vegetatively within a given location, we deliberately sampled tissue from individual plants spaced at least 1.5 m apart along transects within these populations, to minimize the possibility of resampling the same ramet. Due to the relatively small patch sizes of *O. undulatifolius* at a given location, this necessarily led to restricted sample sizes within a given population. Using tissue collected by colleagues, we also genotyped a single individual from each of 20 additional populations spanning the known introduced range, to determine whether genetic variation could be detected across populations beyond the introduction site, with even a limited sample size. Finally, all 16 loci were tested for cross‐amplification in five populations of the congener *O. hirtellus* (L.) P. Beauv., a species native to North America (Weakley, [2015](#aps31016-bib-0011){ref-type="ref"}). We used two chloroplast DNA sequence‐based markers that distinguish between these two species (L. Cseke, unpublished manuscript) to confirm the identity of the native plants. Collecting permission is provided in Appendix [1](#aps31016-app-0001){ref-type="app"}.

###### 

Characteristics of 16 microsatellite loci developed in wavyleaf basketgrass (*Oplismenus undulatifolius*)

  Locus[a](#aps31016-note-0001){ref-type="fn"}   Primer sequences (5′--3′)         Repeat motif   Amplicon size (bp)[b](#aps31016-note-0002){ref-type="fn"}   Fluorescent dye[c](#aps31016-note-0003){ref-type="fn"}   GenBank accession no.
  ---------------------------------------------- --------------------------------- -------------- ----------------------------------------------------------- -------------------------------------------------------- -----------------------
  wavy1                                          F: GGATTAGCTGGTAGCCGTCG           (GTATAT)~13~   325                                                         HEX                                                      [MF189002](MF189002)
  R: TGTCCGCTTATTGTTCGTGC                                                                                                                                                                                              
  wavy4                                          F: GCCAGAATGAAGAGATGCCC           (CTGTT)~10~    352                                                         HEX                                                      [MF189003](MF189003)
  R: TAATGTTCTCGCGGAGGTGG                                                                                                                                                                                              
  wavy5                                          F: GTACAATGCAAGGACCAGCG           (CTGTT)~10~    207                                                         HEX                                                      [MF189004](MF189004)
  R: GAAGGGCCACGTACACAGC                                                                                                                                                                                               
  wavy7                                          F: TCGGACCGGTACTAACCTGG           (TAGA)~19~     269                                                         6‐FAM                                                    [MF189005](MF189005)
  R: TCACGTGAGTCTAAGACCATTCG                                                                                                                                                                                           
  wavy12                                         F: GATGCTATTCAGATGGGACGC          (GTAT)~12~     296                                                         HEX                                                      [MF189006](MF189006)
  R: TACCCTTTGAGTGGCCAAGG                                                                                                                                                                                              
  wavy14                                         F: GCCACACTATTTGTACGGTGC          (TAGA)~11~     226                                                         HEX                                                      [MF189007](MF189007)
  R: CTTTCCAACATCCAACACGC                                                                                                                                                                                              
  wavy15                                         F: TGGGTAAACAACTCGATGGG           (AGTT)~10~     507                                                         6‐FAM                                                    [MF189008](MF189008)
  R: CCAGATCTTGTCTTATCTCTTATCCC                                                                                                                                                                                        
  wavy17                                         F: ACTCCAGCTGCTCTAACGCC           (ATAC)~10~     394                                                         HEX                                                      [MF189009](MF189009)
  R: CAGCATTGCATTGTGTACCG                                                                                                                                                                                              
  wavy19                                         F: CATTATGCACGTGTCCAGGG           (TTTC)~9~      206                                                         6‐FAM                                                    [MF189010](MF189010)
  R: TCAGTGTCGATGAAGCCTGC                                                                                                                                                                                              
  wavy20                                         F: GCGTACTTACATTGACAGGATGG        (TTTC)~9~      216                                                         6‐FAM                                                    [MF189011](MF189011)
  R: ATGTTTGTAAATGGGCACCG                                                                                                                                                                                              
  wavy21                                         F: TTGAGGATGAATGAAGGCCC           (ATCT)~9~      302                                                         HEX                                                      [MF189012](MF189012)
  R: GTCTGGTGGTTATGGGCAGG                                                                                                                                                                                              
  wavy29                                         F: GCGCATCTATGAAGCTCCG            (ATCT)~8~      250                                                         6‐FAM                                                    [MF189013](MF189013)
  R: CCTCTCTCGGCAAATGTGG                                                                                                                                                                                               
  wavy31                                         F: GACTCATAGAATAAATTAAACCAAAGCG   (AGTT)~8~      480                                                         HEX                                                      [MF189014](MF189014)
  R: ATCGTCCCTACCGATGATGC                                                                                                                                                                                              
  wavy32                                         F: AGAGGAATAAAGGGAGCGGG           (AAAG)~8~      210                                                         6‐FAM                                                    [MF189015](MF189015)
  R: GCTTCAACTCCAGCAACAACC                                                                                                                                                                                             
  wavy36                                         F: ACGCTCTTCTTGTTGTGCCC           (CGCA)~7~      292                                                         6‐FAM                                                    [MF197318](MF197318)
  R: AACCGCGATACGCTAACTGC                                                                                                                                                                                              
  wavy38                                         F: GACTTGCCATAAACTCGCCC           (TTTA)~7~      247                                                         6‐FAM                                                    [MF189016](MF189016)
  R: TCTCCAGATTGCTCTTCACCC                                                                                                                                                                                             

All loci amplify at the same annealing temperature of 57°C.

Size of original amplicon.

5′ fluorescent dye label used to tag the forward primer for fragment analysis.
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Fragment analysis PCR was performed using Eppendorf Mastercycler thermocyclers (Eppendorf, Hamburg, Germany) with the following conditions: initial denaturation at 94°C for 4 min; followed by 30 cycles of 94°C for 30 s, 57°C for 30 s, and 72°C for 30 s; and a final 7‐min extension at 72°C. PCR was conducted in 12.5‐μL reactions containing 50 mM Tris‐HCl, 50 mM NaCl, 5 mM MgCl~2~, 0.02 mM of each dNTP, 10 μM dye‐labeled primer (6‐FAM or HEX fluorescent dye; Invitrogen), 10 μM unlabeled primer, and 10--15 ng DNA. Samples were analyzed at Duke University (Durham, North Carolina, USA) on an ABI 3730xl sequencer using the ROX 1000 Size Standard (Applied Biosystems, Waltham, Massachusetts, USA) following a 1 : 10 dilution and visualized with GeneMarker version 2.6.7 software (SoftGenetics, State College, Pennsylvania, USA). Allele sizes were confirmed by eye.

All loci were polymorphic in at least one of the populations analyzed (Table [2](#aps31016-tbl-0002){ref-type="table-wrap"}), with the first recorded population at McKeldin, Maryland, containing greater allelic diversity on average (3.1 ± 1.3 alleles per locus) than either of the two newer populations (1.5 ± 0.6 and 1.4 ± 0.5 alleles per locus), even with our limited sample size within each location. Relatively low genetic variability is not unexpected for an invasive plant that has likely recently undergone a population bottleneck and can reproduce clonally. For eight of the 16 loci, the two secondary populations contained non‐overlapping sets of alleles that were a subset of those found in the original introduction site, consistent with separate dispersal events. Analysis with GENEPOP version 4.2 software (Rousset, [2008](#aps31016-bib-0007){ref-type="ref"}) indicated that these loci also showed varying levels of heterozygosity (Table [2](#aps31016-tbl-0002){ref-type="table-wrap"}), which was nearly always greater at the original location (McKeldin, Maryland) than the other two populations. High levels of homozygosity observed in the newer populations may reflect the species' capability for extensive vegetative spread (USDA‐APHIS, [2012](#aps31016-bib-0010){ref-type="ref"}) and likelihood of apomictic reproduction (Scholz, [1981](#aps31016-bib-0009){ref-type="ref"}). When screened across 20 individuals from *O. undulatifolius* populations across three states, all loci except wavy38 detected multiple alleles (Table [2](#aps31016-tbl-0002){ref-type="table-wrap"}). We also successfully amplified all 16 microsatellite loci in plants from five populations of the native congener *O. hirtellus* from North Carolina and South Carolina, USA. Twelve of the 16 loci were polymorphic, with two to six alleles per locus within this set of individuals (Table [2](#aps31016-tbl-0002){ref-type="table-wrap"}).

###### 

Genetic diversity for the 16 newly developed polymorphic microsatellite markers in three *Oplismenus undulatifolius* populations, a survey of individuals from 20 populations across the known invaded range, and cross‐amplification in *O. hirtellus*.[a](#aps31016-note-0005){ref-type="fn"}

  Locus    *Oplismenus undulatifolius*   Range‐wide[c](#aps31016-note-0007){ref-type="fn"} (*n* = 20)   *Oplismenus hirtellus* [d](#aps31016-note-0008){ref-type="fn"} (*n* = 17)                                               
  -------- ----------------------------- -------------------------------------------------------------- --------------------------------------------------------------------------- --- ------- ------- --- ------- ------- --- ---
  wavy1    4                             0.000                                                          0.609                                                                       1   0.000   0.000   1   0.000   0.000   3   3
  wavy4    3                             0.333                                                          0.420                                                                       2   0.077   0.077   1   0.000   0.000   2   4
  wavy5    3                             0.833                                                          0.542                                                                       1   0.000   0.000   2   0.083   0.083   2   4
  wavy7    3                             0.833                                                          0.542                                                                       1   0.000   0.000   2   0.083   0.083   3   1
  wavy12   3                             0.083                                                          0.489                                                                       1   0.000   0.000   1   0.000   0.000   4   2
  wavy14   6                             0.667                                                          0.757                                                                       1   0.000   0.000   1   0.000   0.000   4   3
  wavy15   5                             1.000                                                          0.765                                                                       2   1.000   0.923   2   1.000   0.522   4   4
  wavy17   3                             1.000                                                          0.620                                                                       2   1.000   0.520   2   1.000   0.522   2   1
  wavy19   4                             0.167                                                          0.587                                                                       3   0.151   0.151   1   0.000   0.000   2   2
  wavy20   2                             0.083                                                          0.518                                                                       1   0.000   0.000   1   0.000   0.000   2   4
  wavy21   3                             0.250                                                          0.420                                                                       2   0.923   0.520   2   0.083   0.083   3   5
  wavy29   3                             1.000                                                          0.638                                                                       2   1.000   0.520   2   1.000   0.522   3   1
  wavy31   2                             0.000                                                          0.391                                                                       1   0.000   0.000   1   0.000   0.000   2   1
  wavy32   3                             0.167                                                          0.565                                                                       1   0.000   0.000   1   0.000   0.000   2   3
  wavy36   2                             0.083                                                          0.489                                                                       1   0.000   0.000   1   0.000   0.000   2   6
  wavy38   1                             0.000                                                          0.000                                                                       1   0.000   0.000   2   0.000   0.159   1   5

*A* = number of alleles; *H* ~e~ = expected heterozygosity; *H* ~o~ = observed heterozygosity; *n =* number of samples from each group.

Locality data for populations of both species are provided in Appendix [1](#aps31016-app-0001){ref-type="app"}.

McKeldin, MD, is the first recorded location of the *O. undulatifolius* invasion in North America (Peterson et al., [1999](#aps31016-bib-0006){ref-type="ref"}).

One individual was sampled from each of the 20 populations included in the range‐wide survey.

Individuals originated from five *O. hirtellus* populations in North Carolina and South Carolina, USA (see Appendix [1](#aps31016-app-0001){ref-type="app"}).
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Conclusions {#aps31016-sec-0006}
===========

We have characterized 16 polymorphic microsatellite loci for the invasive grass *O. undulatifolius*. These are the first nuclear genetic markers developed for the species and are expected to be useful for a wide variety of applications, including spatial population genetic studies to resolve invasion routes of this emerging forest understory pest. All of these loci also amplified in the North American native congener *O. hirtellus*, suggesting these loci may be suitable to study gene flow and population structure for additional species within the genus.
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 {#aps31016-sec-0008}

SpeciesLocationCounty, StateLatitudeLongitude*nO. undulatifolius* (Ard.) P. Beauv.Gambrill State ParkFrederick, MD39.48841−77.500951*O. undulatifolius*McKeldin Recreation Area, Patapsco Valley State Park[b](#aps31016-note-1003){ref-type="fn"}Howard, MD39.365717−76.88378412*O. undulatifolius*Pipeline CorridorHoward, MD39.365717−76.8837841*O. undulatifolius*Lighttown CourtBaltimore, MD39.3832−76.69851*O. undulatifolius*Richfield LaneBaltimore, MD39.500872−76.5622031*O. undulatifolius*Richfield LaneBaltimore, MD39.501401−76.5640121*O. undulatifolius*Cromwell Valley ParkBaltimore, MD39.42044−76.5504471*O. undulatifolius*Mingo Creek, Gunpowder State Park[b](#aps31016-note-1003){ref-type="fn"}Baltimore, MD39.5968−76.67112*O. undulatifolius*Susquehanna State ParkHarford, MD39.61270407−76.154125261*O. undulatifolius*Towson Methodist ChurchBaltimore, MD39.41464632−76.595947031*O. undulatifolius*Loch Raven ReservoirBaltimore, MD39.48403951−76.592746561*O. undulatifolius*Marshy Point Nature CenterBaltimore, MD39.34939756−76.37125981*O. undulatifolius*Codorus State ParkYork, PA39.785432−76.9018631*O. undulatifolius*Gifford Pinchot State ParkYork, PA40.070219−76.8820081*O. undulatifolius*Fraser Preserve, Great FallsFairfax, VA39.0386−77.308361*O. undulatifolius*CharlottesvilleAlbemarle, VA37.9753599−78.591703591*O. undulatifolius*C&O CanalLoudoun, VA39.2168−77.45661*O. undulatifolius*Kite Hollow, Shenandoah National ParkPage, VA38.553291−78.43339641*O. undulatifolius*Simmons Gap, Shenandoah National ParkGreene, VA38.29853−78.622471*O. undulatifolius*Swift Run, Shenandoah National ParkGreene, VA38.3724−78.573651*O. undulatifolius*Lake Anna State ParkSpotsylvania, VA38.111−77.8311*O. undulatifolius*Seneca Regional ParkFairfax, VA39.049342−77.3132251*O. undulatifolius*Front Royal, VA[b](#aps31016-note-1003){ref-type="fn"}Warren, VA38.870702−78.16131513*O. hirtellus* (L.) P. Beauv.Pettigrew State ParkWashington, NC35.78861−76.407784*O. hirtellus*Camp Lejuene Marine Corps BaseOnslow, NC34.557403−77.33898994*O. hirtellus*Bald Head IslandBrunswick, NC33.85635−77.9786294*O. hirtellus*Pinckney Island National Wildlife RefugeBeaufort, SC32.26667−80.758334*O. hirtellus*HamptonSumter, SC33.821248−80.4683091Note:[^1][^2][^3]

[^1]: MD = Maryland; *n* = number of individuals analyzed; NC = North Carolina; PA = Pennsylvania; SC = South Carolina; VA = Virginia.

[^2]: Permission for sample collections was provided by permits through the U.S. National Park Service, U.S. Fish and Wildlife Service, North Carolina Department of Environmental Quality, North Carolina Department of Environment and Natural Resources, South Carolina Department of Natural Resources, and Virginia Department of Conservation and Recreation.

[^3]: Populations used for population‐level genetic diversity estimates within the introduced range. One sample from each of these populations has been vouchered at the University of Richmond Herbarium (URV 024152‐024154), Richmond, Virginia, USA.
